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ABSTRACT 

A system has  been developed t h a t  w i l l  measure 
pressure  over t h e  range 
rugged, l ightweight  package s u i t a b l e  f o r  a i rborne  
and space a p p l i c a t i o n s .  
ducer which measures pressure  by sens ing  t h e  damp- 
i n g  of  a v i b r a t i n g  diaphragm immersed i n  t h e  gas ,  
and t h e  e l e c t r o n i c s  necessary t o  d r i v e  t h e  trans- 
ducer  and supply d a t a  t o  a recorder  o r  te lemetry.  
The system has been used on pro to type  atmosphere 
e n t r y  probes t o  d e f i n e  a p lane tary  atmosphere 
p r o f i l e .  
and d a t a  on i t s  performance are presented.  

t o  4 ~ 1 0 ~  Torr  i n  a 

I t  c o n s i s t s  of  a t rans-  

The opera t ion  of t h e  system i s  descr ibed 

INTRODUCTION 

A novel t randucer  developed t o  measure pressure  i n  
t h e  wind tunnels  of  Ames Research Center  is  
descr ibed i n  re ferences  1 and 2. This t ransducer  
measures pressure  over a wide range by sens ing  t h e  
power requi red  t o  maintain t h e  resonant  v i b r a t i o n  
of a t h i n  metallic membrane t h a t  i s  immersed i n  a 
tes t  gas and placed between two s t a t i o n a r y  p l a t e s  
as shown i n  f i g u r e  1. 
t a i n  t h e  o s c i l l a t i o n  i n  t h e  presence o f  viscous 
damping losses  introduced by t h e  gas i s  der ived 
from an e l e c t r o s t a t i c  vol tage appl ied  t o  t h e  sta- 
t i o n a r y  forc ing  p l a t e .  The displacement of  t h e  
moving membrane is sensed by measuring t h e  capaci- 
tance v a r i a t i o n  between t h e  membrane and t h e  
s t a t i o n a r y  sens ing  p l a t e .  

An appropriate  s e t  of e l e c t r o n i c s  designed f o r  t h e  
t ransducer ,  and which w i l l  be  discussed below i n  
considerable  d e t a i l ,  is  shown i n  f i g u r e  2 .  The 
p e r i o d i c  change i n  capaci tance due t o  diaphragm 
motion is  measured and converted t o  an e l e c t r o -  
s t a t i c  forc ing  vol tage  a t  a l e v e l  adequate t o  main- 
t a i n  t h e  des i red  amplitude. This f o r c i n g  vol tage  
is  r e l a t e d  t o  t h e  gas damping and provides  a measure 
of t h e  gas pressure  from approximately l o m 5  t o  
5 ~ 1 0 ~  Tor r ,  wi th  an accuracy o f  b e t t e r  than 
1 percent  of  reading over much of t h i s  range. 

The device overcomes many of  t h e  shortcomings of  
o t h e r  pressure  gages: it is small and rugged; it 
has an unusually wide dynamic range; it lends 
i t s e l f  r e a d i l y  t o  automatic operat ion;  it i s  char- 
a c t e r i z e d  by an e r r o r  propor t iona l  t o  t h e  pressure  
being measured, r a t h e r  than the f u l l  s c a l e  of t h e  

The power requi red  t o  main- 

These advantages suggest  t h a t  t h e  t ransducer  would 
b e  en e x c e l l e n t  choice f o r  use on an experim- a n t  t o  
determine t h e  p r e s s u r e - a l t i t u d e  d i s t r i b u t i o n  f o r  
t h e  atmosphere of  a p lane t  such as Mars. 
s p e c i a l  requirements of such an a p p l i c a t i o n  have 
l e d  t o  a review of t h e  mechanical design and of 
t h e  design of t h e  e l e c t r o n i c s  assoc ia ted  with t h e  
t ransducer .  

The range of t h e  v i b r a t i n g  diaphragm t ransducer  
i s  p a r t l y  l i m i t e d  by t h e  energy loss  inherent  t o  
t h e  diaphragm. 
p e r i o d i c  motion o f  t h e  gas is  reduced as t h e  gas 
pressure  is  reduced u n t i l  i t  is  equal i n  magnitude 
t o  t h e  energy l o s t  wi th in  t h e  diaphragm as a r e s u l t  
o f  t h e  i n e l a s t i c  deformation of t h e  metal. Such 
unwanted l o s s e s  can be caused e i t h e r  by s t r e s s  
concentrat ions near t h e  edge of t h e  diaphragm where 
i t  i s  a t tached  t o  t h e  body of t h e  t ransducer  by 
s p o t  welding, o r  by v i s c o e l a s t i c  losses  due t o  t h e  
p e r i o d i c  stress appl ied  t o  t h e  diaphragm. 
pressures  s i g n i f i c a n t l y  lower than t h i s  value,  use 
of  t h e  t ransducer  requi res  measurement of  a small 
gas effect i n  t h e  presence of  r e l a t i v e l y  l a r g e  
losses  i n  t h e  metal diaphragm. 
t ransducer  is  l imi ted  when the  viscous losses  asso- 
c i a t e d  wi th  t h e  gas a t  high pressures  become so 
g r e a t  t h a t  a condi t ion of  resonance can no longer  
b e  s a i d  t o  e x i s t .  

The 

The energy d i s s i p a t e d  by t h e  

A t  

The range of t h e  

The main body of t h i s  paper w i l l  be  devoted t o  a 
d iscuss ion  of  t h e  techniques being u t i l i z e d  t o  
reduce t h e  importance of t h e s e  l i m i t a t i o n s ,  a 
d iscuss ion  of  t h e  e l e c t r o n i c s  requi red  t o  make t h e  
system opera te  over  a range of many decades, and a 
d e s c r i p t i o n  of t h e  performance c h a r a c t e r i s t i c s  
assoc ia ted  with t h e  cur ren t  f l i g h t  pro to type .  

NEW TECHNIQUES 

Dimeff, Lane, and Coon1 have analyzed t h e  
t ransducer  configurat ion shown i n  f i g u r e  3, and 
der ived t h e  fol lowing expression f o r  t h e  e l e c t r o -  
s t a t i c  power requi red  t o  move t h e  membrane: 

~ r p 2 ~ V s V v A o w  

P 

Pe = 
2x 

where r, is  t h e  rad ius  of  t h e  d r i v i n g  p l a t e ,  E 
instrument; it i s  an absolu te  instrume 
no reference pressure ;  and it has a re la t  
fast  response t i m e .  nusoidal  vo l tage ,  A, is  . the peak 

l e c t r i c  constant  f o r  t h e  gas, Vs 
l t a g e ,  Vv 

i s  t h e  
is  t h e  amplitude of t h e  

i 

IbPl 



displacement of  t h e  diaphragm averaged over t h e  a r e a  
of  t h e  f i x e d  p l a t e ,  Xp is  t h e  spacing between t h e  
diaphragm at  r e s t  and t h e  f i x e d  p l a t e ,  and w is 
t h e  resonant  frequency o f  t h e  diaphragm i n  rad ians  
p e r  second. The a n a l y s i s  assumes small displace-  
ments and symmetry of  cons t ruc t ion  with respec t  t o  
t h e  forc ing  and sens ing  s i d e s  of  t h e  t ransducer .  
Equations r e l a t i n g  t h e  f o r c i n g  vol tages  t o  t h e  
pressure  being measured were a l s o  der ived.  
low pressure  region where t h e  mean f r e e  path i s  
l a r g e  compared with t h e  dimensions of  t h e  
t ransducer ,  

For t h e  

16 [ber (aRo)ber' (aRo) 

For h igher  pressures  

6 [ber (aRo)ber' (aRo) 

Po (31 

where B i s  t h e  momentum t r a n s f e r  accommodation 
c o e f f i c i e n t ,  which i s  approximately equal  t o  u n i t y  
f o r  a i r ,  C 
gas,  p is  t h e  c o e f f i c i e n t  of  v i s c o s i t y ,  Ro is  t h e  
diaphragm radius ,  Po 
sured ,  and a is  the mean f r e e  path o f  t h e  gas 
and is  given by t h e  expression 

i s  t h e  mean molecular v e l o c i t y  o f  t h e  

i s  t h e  pressure  be ing  mea- 

Fortunately,  f o r  t h e  conf igura t ion  considered i n  
f i g u r e  3, t h e  spacings and n a t u r a l  resonant  fre- 
quencies were such t h a t  good approximations could 
be used, and Eqs. (2) and (3) could be  reduced t o  
t h e  much more usefu l  forms 

and 

(4) 

I t  should be  noted t h a t  f o r  t h e  very low pressure  
regime (Po < T o r r ) ,  Eq. (4) i s  not  v a l i d  s i n c e  
it does not consider  i n t e r n a l  losses  assoc ia ted  
with t h e  diaphragm. These losses  of  course u l t i -  
mately l i m i t  t h e  r e s o l u t i o n  of  t h e  t ransducer .  A 
more accura te  equat ion f o r  t h i s  low pressure  region 
is  

Pe = 'gas + Pint  (6, 

where Pgas is  t h e  power d i s s i p a t e d  through 
viscous gas l o s s e s  and P i n t  is  power d i s s i p a t e d  
i n t e r n a l l y  by t h e  diaphragm. I t  then follows from 
Eqs. (1) and (4) t h a t  

(7) 
$E 2 P e  = 16n - A o  P + P i n t  

The most conventional measure of  t h e  i n t e r n a l  loss 
f o r  a system is t h e  Q ,  def ined as ZTI(W/AW) where 
AW is t h e  energy loss p e r  cycle  and W is  t h e  
maximum energy o f  t h e  system. Using t h i s  d e f i n i -  
t i o n  f o r  Q and not ing  t h a t  W = (p/2)nrp2d.402w2, 
Eq. (7) may b e  w r i t t e n  as fol lows:  

3 2 n E  -1 
Q-l = - y ~ -  Po + Qint 

where d i s  t h e  membrane th ickness ,  p is  t h e  
membrane dens i ty ,  and M is  t h e  membrane mass. I f  
Eq. (8) i s  evaluated f o r  t h e  t ransducer  shown i n  
f i g u r e  1 a t  a pressure  Torr ,  t h e  magnitude of 
t h e  first term on t h e  r i g h t  s i d e  of t h e  equat ion 
i s  Q-' = 1 . 3 ~ 1 0 - ~  which i n d i c a t e s  t h a t  i d e a l l y  

Q should equal 770,000. Unfortunately,  a t  t h i s  
pressure  t h e  measured value of Q was t y p i c a l l y  
15,000 f o r  t h e  o r i g i n a l  generat ion of  t ransducers  
and p a r t i c u l a r l y  good t ransducers  had Q's as  high 
as 30,000. 

gas 

An i n v e s t i g a t i o n  with respec t  t o  t h e s e  important 
i n t e r n a l  losses  is  c u r r e n t l y  being undertaken a t  
Ames Research Center, bu t  t h e  t h e o r e t i c a l  aspec ts  
o f  t h i s  program w i l l  not be  repor ted  a t  t h i s  time. 
For t h e  i n t e r e s t e d  reader ,  re fe rences  3, 4 ,  and 5 
conta in  a good survey of t h e  i n t e r n a l  losses  a r i s i n g  
from thermoelas t ic  e f f e c t s ,  po in t  d e f e c t s ,  and d i s -  
l o c a t i o n  phenomena. 
l i t e r a t u r e  i n  t h i s  f i e l d  tends t o  i n d i c a t e  t h a t  a 
g r e a t  dea l  of  work remains t o  be completed before  
r e a l l y  q u a n t i t a t i v e  pred ic t ions  can be  made with 
r e s p e c t  t o  minimizing membrane losses  by t h e  proper 
choice of  mater ia l s ,  h e a t  t reatment ,  cold work, and 
mounting techniques.  Resul ts  experienced with h e a t  
t reatment  of  t h e  t randucers ,  however, suggest t h a t  
one should be  a b l e  t o  obta in  diaphragms r o u t i n e l y  
wi th  Q's g r e a t e r  than 50,000. I n  one case we were 
a b l e  t o  anneal a tensioned diaphragm mounted t o  
i t s  c e l l  body a t  960' F i n  n i t rogen  f o r  1/2  hour 
and o b t a i n  a r e s u l t a n t  Q of  250,000 measured a t  

Experiments with hea t  t reatment  and 
welding techniques a r e  being continued. 

Extending t h e  pressure  measurement range a t  high 
pressures  involves  a completely d i f f e r e n t  s e t  o f  
problems. The v i b r a t i n g  diaphragm t ransducer  i n  
f i g u r e  3 s u f f e r s  from severa l  disadvantages der ived 
from i t s  b a s i c  design.  
moving diaphragm and t h e  f i x e d  f o r c i n g  and sensing 
p l a t e s  is small, so  t h a t  t h e  moving membrane does 
s u b s t a n t i a l  work on t h e  gas being measured. Unfor- 
t u n a t e l y ,  with t h i s  geometry, t h e  damping increases  
with increas ing  pressure  more rap id ly  than is  
d e s i r a b l e  a t  h igher  pressures  s o  t h a t  because of  
low e f f e c t i v e  Q ,  t h e  sensor  ceases t o  func t ion  as 

A comprehensive survey of  t h e  

Torr .  

The spacing between t h e  



a simple mechanical resonant  system and i s  incapa- 
b l e  o f  measuring pressure  i n  t h e  range above 
1000 Torr .  Since t h e  e f f e c t i v e  s t i f f n e s s  a l s o  
increases  with pressure  because of  t h e  p e r i o d i c  
volume change of  each gas chamber, t h e  resonant  
frequency of  t h e  system changes r a d i c a l l y  a t  pres -  
s u r e s  above approximately 100 Torr .  This  change 
i n  frequency causes t h e  mechanical frequency o f  t h e  
diaphragm, due t o  gas s t i f f n e s s ,  t o  overlap an 
a c o u s t i c  resonance assoc ia ted  with t h e  i n t e r i o r  
dimensions of  t h e  t ransducer  body. 
have been minimized by t h e  t ransducer  conf igura t ion  
i n  f i g u r e  4. 
been s i g n i f i c a n t l y  improved as a r e s u l t  of  t h e  gr id-  
damping p l a t e  s t r u c t u r e .  
f o r c i n g  p l a t e  and sens ing  p l a t e  have now been taken 
over  by forc ing  and sensing g r i d s  which are main- 
t a i n e d  a t  c lose  proximity t o  t h e  membrane while  t h e  
s o l i d  p l a t e s  t h a t  c o n t r o l  t h e  s t i f f n e s s  introduced 
by t h e  gas are moved f a r t h e r  from t h e  membrane. 
The advantage of t h i s  conf igura t ion  i s  t h a t  t h e  
designer  has considerable  freedom i n  choosing t h e  
i n t e r i o r  t ransducer  geometry without  s a c r i f i c i n g  
e f f e c t i v e  dr iv ing  f o r c e  o r  displacement sens ing  
s e n s i t i v i t y .  A q u a n t i t a t i v e  t h e o r e t i c a l  ana lys i s  
o f  t h i s  t ransducer  has  not been completed because 
o f  t h e  r e l a t i v e l y  l i m i t e d  amount o f  t i m e  thus f a r  
devoted t o  it. 

Before descr ibing t h e  mechanical design of  t h e  
t ransducer  i n  more d e t a i l ,  i t  is  perhaps worthwhile 
t o  d igress  f o r  a moment i n  order  t o  d iscuss  another  
t ransducer  modif icat ion t h a t  has  been incorporated 
i n  t h e  g r i d  c e l l  conf igura t ion .  The area of  t h e  
g r i d s  has been very c a r e f u l l y  chosen t o  suppress 
t h e  sensing of  h igher  modes of  resonant v i b r a t i o n .  
The diaphragm displacement is  descr ibed by Bessel 
func t ions  f o r  which t h e  r a d i a l l y  symmetrical modes 
of  v i b r a t i o n  are 

These problems 

The performance o f  t h e  device has 

The func t ions  o f  t h e  

where r is  t h e  r a d i a l  d i s tance  from t h e  c e n t e r  of  
t h e  diaphragm, t i s  t i m e ,  Xn is  t h e  n th  r o o t  of  
Jo(X) = 0,  and Aon i s  t h e  displacement amplitude. 
I t  then follows t h a t  t h e  average displacement of  
t h e  membrane is  given by 

- R~ Aon 
Y =  - " 2  Jon (Xn 6) cos 211fnt (21Ir)d 

- y = -  AonRo COS 2 n f n t J 1  (Xn &) 
KRpXn 

If  Rp can be  chosen s o  t h a t  Jl[Xn(Rp/Ro)] = 0,  
t h e  dynamic capaci tance change would be  equal t o  
zero and, hence, no output  s i g n a l  would b e  de tec ted  
f o r  t h i s  mode of  v i b r a t i o n .  I n  general  then,  t o  
s e l e c t i v e l y  r e j e c t  s i g n a l s  of  a p a r t i c u l a r  h igher  
mode of  v i b r a t i o n ,  t h e  rad ius  of t h e  sens ing  a r e a  
should be chosen s o  t h a t  

Yn- 1 
% = X , R 0  

where Rp i s  t h e  rad ius  of t h e  sens ing  a r e a ,  Ro 
i s  t h e  diaphragm r a d i u s ,  Xn is  t h e  n th  r o o t  of  
Jo, Yn-l i s  t h e  n-1 root  of  J1 and n t h e  index 
of mode t o  b e  suppressed. For t h e  g r i d  t ransducer ,  
our  primary i n t e r e s t  was i n  t h e  suppression of t h e  
J 0 2  mode which is  a mode of v i b r a t i o n  having two 
concent r ic  nodes inc luding  t h e  node a t  Ro,  and 
hence, Rp = Y1RO/X2 = 0.695 Ro.  For t h i s  t ransducer  
t h e  J21 mode i s  a l s o  r e l a t i v e l y  s i g n f i c a n t .  For- 
t u n a t e l y  t h i s  mode has  two d iamet r ica l  nodes and t h e  
motion i s  such t h a t  
concent r ic  and p a r a l l e l  t o  t h e  membrane. 
condi t ions a r e  met by t h e  geometry designed t o  
suppress  t h e  Jo2 mode. The e f fec t iveness  of  
t h i s  method o f  suppressing h igher  modes is  evident  
from t h e  d a t a  i n  t a b l e  1 f o r  t h e  r e l a t i v e  s t r e n g t h  
o f  t h e  h igher  modes i n  a t ransducer  t h a t  was 
s p e c i f i c a l l y  designed f o r  h igher  mode suppression 
and f o r  a t ransducer  of  t h e  o r i g i n a l  design as 
shown i n  f i g u r e  3 with normal machining t o l e r a n c e s .  

Prel iminary experiments a r e  c u r r e n t l y  being 
performed with t h e  t ransducer  shown i n  f i g u r e  5 .  
This  conf igura t ion  uses t h r e e  commercially a v a i l a b l e  
hermetic  feed-throughs t o  support  each of  t h e  s ta-  
t i o n a r y  p l a t e s .  Early r e s u l t s  of  t h e s e  experiments 
are e x c i t i n g  because they i n d i c a t e  t h i s  geometry 
e l imina tes  t h e  undesirable  acous t ic  resonances 
mentioned e a r l i e r  and t h a t  t h e  frequency now con- 
t i n u e s  t o  increase  with increas ing  pressure .  The 
d r i v e  vol tage  requirements do not  d i f f e r  s i g n i f i -  
c a n t l y  from those  o f  t h e  s tandard t ransducer  over 
most of  t h e  pressure  range. This frequency v a r i a -  
t i o n  is  extremely s i g n i f i c a n t  s i n c e  it changes from 
approximately 5,000 Hz t o  70,000 Hz over t h e  
i n t e r v a l  from Torr  t o  760 Torr .  This l a r g e  
frequency v a r i a t i o n  makes t h i s  conf igura t ion  par-  
t i c u l a r l y  a t t r a c t i v e  when it is  d e s i r a b l e  t o  de te r -  
mine t h e  pressure  from frequency measurements. The 
d a t a  taken f o r  t h e  t ransducer  a r e  shown i n  f i g u r e  6 .  
I t  i s  evident  t h a t  frequency devia t ions  as  a func- 
t i o n  of  temperature could cause e r r o r s  f o r  t h i s  mode 
of operat ion.  However, t h e  frequency devia t ion  
observed f o r  t h e  s tandard t ransducer  a t  vacuum i s  
approximately 0.014%/°C. 
t i o n  t h i s  new conf igura t ion  should be  even l e s s  
s e n s i t i v e  t o  temperature change and hence t h e  
problem should not  be  s e r i o u s .  
o f f e r s  a f u r t h e r  advantage i n  t h a t  it is  much e a s i e r  
t o  f a b r i c a t e  than t h e  s tandard t ransducer  
conf igura t ion .  

The i n i t i a l  gr id- type t ransducer  design shown i n  
f i g u r e  4 i s  f a b r i c a t e d  from metal-ceramic s e a l s .  
The body is  a 42% NiFe a l l o y  and t h e  ceramic insu-  
l a t i n g  d i s c  i s  A l 2 O 3 ,  which was chosen f o r  a good 
match with respec t  t o  thermal expansion c o e f f i c i e n t .  
The diaphragm material is 44% N i F e  annealed a t  
960'F. Experience has  shown t h i s  mater ia l  t o  be 
more s a t i s f a c t o r y  than 42% N i F e  o r  s e v e r a l  o t h e r  
a l l o y s  t h a t  have been t e s t e d  on t h e  b a s i s  o f  match- 
i n g  t h e  thermal expansion c o e f f i c i e n t  of  t h e  mem- 
brane t o  t h e  composite c o e f f i c i e n t  of  t h e  t ransducer  
body. While under tens ion ,  t h e  0.0001 i n .  membrane 
i s  mounted t o  one h a l f  of t h e  body with an over- 
lapping s p o t  weld. 
t h i c k  N i  having approximately 50% open area ,  and 
i t  i s  spot  welded t o  t h e  top  of t h e  damping 

7 = 0 i f  t h e  sensing a r e a  is 
These 

Because of  i t s  construc- 

This new embodiment 

The g r i d  structure i s  0.0001 i n .  



s t r u c t u r e ,  
design of  t h i s  conf igura t ion  are shown i n  f i g u r e  4. 

Table  1 lists t h e  improvements t h a t  have been 
achieved and compares them with t h e  r e s u l t s  obtained 
with t h e  o r i g i n a l  design shown i n  f i g u r e  3.  

The most important dimensions f o r  t h e  

ELECTRONICS 

The open-loop system f o r  d r i v i n g  t h e  pressure  
t ransducer  shown i n  f i g u r e  1 is not  convenient 
s i n c e  both t h e  resonant  frequency o f  t h e  diaphragm 
and t h e  amplitude o f  v i b r a t i o n  change as t h e  pres-  
s u r e  is  var ied .  In  order  t o  e l imina te  t h e  need 
f o r  manual adjustment and achieve a time response 
f a s t  enough t o  meet t h e  wind-tunnel requirements, 
t h e  o r i g i n a l  closed-loop system1 and a completely 
e l e c t r o n i c  servo were b u i l t  f o r  wind-tunnel use. 
Figure 2 is  a block diagram of  t h e  p r e s e n t  system 
which has  been modified t o  meet t h e  requirements of 
t h e  appl ica t ions  c u r r e n t l y  be ing  considered. The 
numbers above t h e  func t iona l  blocks correspond t o  
t h e  modules shown i n  t h e  d e t a i l e d  ske tch  o f  t h e  
e l e c t r o n i c s ,  f i g u r e  7. 

The c i r c u i t  design was inf luenced by s e v e r a l  
f a c t o r s ,  bu t  p r i n c i p a l l y  by t h e  requirement t h a t  
t h e  system b e  s u i t a b l e  f o r  landing on p l a n e t s  o t h e r  
than Earth.  For t h i s  appl ica t ion ,  t h e  system must 
be  s t e r i l i z a b l e ,  t h a t  i s ,  capable of  be ing  hea ted  
t o  135°C f o r  s i x  per iods of 92  hours each. S ize ,  
power, and r e l i a b i l i t y  were a l s o  important f a c t o r s .  
These requirements were met i n  t h e  design shown i n  
f i g u r e s  7 and 8.  A d e t a i l e d  d e s c r i p t i o n  of c i r c u i t  
operat ion w i l l  no t  be  given i n  t h i s  paper ,  b u t  t h e  
o v e r a l l  system presented  chal lenging design prob- 
lems because of  t h e  dynamic range and p r e c i s i o n  o f  
t h e  instrument .  An ana lys is  of t h e  t racking  f i l t e r  
(M8 i n  f i g .  7) w i l l  be presented i n  a forthcoming 
paper .  

The operat ion of  t h e  system can b e s t  be  understood 
by re ference  t o  f i g u r e  2.  I n  t h i s  arrangement t h e  
displacement of t h e  diaphragm causes a capaci tance 
change, which i n  t u r n ,  generates  an input  t o  a 
v e l o c i t y  sensing preampl i f ie r .  The output  of  t h e  
preampl i f ie r  is  then amplif ied,  f i l t e r e d ,  r e c t i f i e d ,  
and compared t o  a p r e - s e t  dc re ference  vol tage  i n  
t h e  r e c t i f i e r - r e f e r e n c e  module. This u n i t  gener- 
a t e s  a dc vol tage input  t o  t h e  dr ive-output  module 
whose dc output vo l tage  i s  p e r i o d i c a l l y  switched by 
t h e  output of module 3, t h e  chopper-drive module. 
Since t h i s  output  i s  synchronized with t h e  membrane 
v e l o c i t y ,  t h e  vol tage  dr ives  t h e  dkphragm a t  i t s  
resonant frequency and a t  an amplitude s u f f i c i e n t l y  
l a r g e  t h a t  t h e  input  vol tage t o  M4 a f t e r  r e c t i f i c a -  
t i o n  is  equal t o  t h e  reference vol tage .  

The funct ion of  each block i n  f i g u r e  2 may be  
descr ibed as fol lows.  
d i f f e r e n t i a t o r  and t h e  c e l l  i t se l f  is t h e  capac i tor  
requi red  t o  a f f e c t  t h e  d i f f e r e n t i a t i o n .  
ampl i f ie r  provides the 90' phase s h i f t  necessary t o  
provide t h e  proper  phase s h i f t  f o r  t h e  cel l  dr iv ing  
f o r c e .  
M8 is  a narrow band t racking  f i l t e r  which se l f - tunes  
t o  t h e  resonant frequency of  t h e  t ransducer  and a l s o  
maintains zero phase s h i f t  from i t s  i n p u t  t o  output .  

M 1  i s  a preampl i f ie r  and 

This pre-  

M2 is  an ac amplifier with a ga in  of 100. 

M4 i s  a p r e c i s i o n  r e c t i f i e r ,  and conta ins  t h e  
temperature-s table  dc re ference .  
s i n e  wave from M8 i n t o  the square wave necessary t o  
d r i v e  M5. 
d r i v e  t o  t h e  t ransducer  as well as t h e  system out-  
pu t  vo l tage .  
reduces t h e  open-loop ga in  of  t h e  system t o  i n s u r e  
s t a b i l i t y  when t h e  c e l l  Q changes t o  values  above 
approximately 1000. M6 is  a dc t o  dc conver te r  and 
r e g u l a t o r  which converts  an input  power supply vol-  
t a g e  of approximately 28 v o l t s  t o  t h e  vol tages  
necessary t o  power t h e  var ious modules. 

The e l e c t r o n i c  u n i t  descr ibed above cont ro ls  t h e  
resonant  d e f l e c t i o n  of  t h e  membrane v i b r a t i o n  t o  a 
value e s t a b l i s h e d  by t h e  re ference  vol tage  and by 
t h e  gain of  t h e  l i n e a r  a c  a m p l i f i e r s .  The condi- 
t i o n  a c t u a l l y  be ing  cont ro l led  is  t h a t  AV ( the 
preampl i f ie r  output  vol tage)  be cons tan t ,  indepen- 
dent  of  t h e  pressure  being measured. I t  can be 
shown t h a t  t h e  fol lowing expression i s  v a l i d  f o r  
t h e  preampl i f ie r :  

M3 converts  t h e  

M5 provides t h e  ac-dc e l e c t r o s t a t i c  

M7 is  an automatic ga in  switch,  which 

where AC is  t h e  de tec ted  change i n  capaci tance;  
Co is  t h e  rest capaci tance of  t h e  t ransducer;  A, 
i s  t h e  amplitude of  t h e  diaphragm motion; wo is  
t h e  frequency of t h e  t ransducer  a t  high vacuum; w 
is  t h e  frequency a t  t h e  pressure  being measured; 
and K 1  and Kz a r e  cons tan ts .  I t  then follows 
t h a t  t h e  c o n t r o l l i n g  condi t ion i n  t h e  loop requi res  
t h a t  Aow b e  h e l d  constant .  Eq. (4) e s t a b l i s h e s  
t h a t  f o r  a wide range of pressures ,  

where Po is t h e  pressure  being measured, and Kg 
is  a cons tan t .  For t h e  c i r c u i t  o f  f i g u r e s  2 and 6,  
Vs and Vv 
t h e  r e c t i f i e r - r e f e r e n c e  module and a r e  l i n e a r l y  
r e l a t e d .  Eq. (13) may t h e r e f o r e  b e  w r i t t e n  i n  t h e  
form Vs2 = KPo/w. I t  is  worth not ing  t h a t  i n  
addi t ion  t o  t h i s  square l a w  dependence, t h e  system 
r e a d i l y  lends i t s e l f  t o  operat ion i n  e i t h e r  a mode 
where t h e  pressure  i s  propor t iona l  t o  t h e  f irst  
o r  t h i r d  power of  t h e  vol tage .  For example, i f  
Vs were h e l d  constant  and equal t o  Vbias. I t  can 
be  seen from Eq. (13) t h a t  Vv would be l i n e a r l y  
r e l a t e d  t o  t h e  pressure .  Vbias may a l s o  be equal 
t o  V,, thereby being changed as t h e  pressure is  
var ied .  For t h i s  mode of opera t ion ,  A, then a l s o  
v a r i e s  with pressure ,  and from t h e  arguments given 
above, it can b e  shown t h a t  

are both der ived from t h e  dc output  of  

Vs3 = KPo/w. 

SYSTEM PERFORMANCE 

A comprehensive d iscuss ion  of a technique f o r  
determining t h e  p r o p e r t i e s  of  p lane tary  atmospheres 
i s  given i n  re ferences  6 and 7. The technique is  
based on measurements of  temperature, p ressure ,  and 
a c c e l e r a t i o n  during f r e e - f a l l  through t h e  atmo- 
sphere.  An e a r l y  vers ion  of  t h e  v i b r a t i n g  



diaphragm system was used t o  provide pressure  
measurements on t h e s e  Earth atmosphere experiments. 
The system af ter  impact was completely opera t iona l .  
The system a lso  s a t i s f i e d  a series o f  r i g i d  pre-  
f l i g h t  requirements inc luding  s i n u s o i d a l  v i b r a t i o n  
a t  a l e v e l  o f  + l o  g along a l l  axes over t h e  i n t e r -  
v a l  from 0-2000 Hz and s t a t i c  a c c e l e r a t i o n  a t  50 g.  
The t ransducer  was s t e r i l i z e d  a t  135'C f o r  t h r e e ,  
8-hour i n t e r v a l s  with no observable degradat ion i n  
performance. 
p a r a l l e l  t o  t h e  membrane. 
range requi red  f o r  t h e  atmospheric e n t r y  experi-  
ments was l imi ted  t o  t h e  i n t e r v a l  from approxi- 
mately 1 Torr  t o  200 Torr .  

Figure 8 is  a photograph of  t h e  c u r r e n t  space 
f l i g h t  prototype scheduled f o r  use on a rocket-  
launched vehic le  containing a comprehensive s e r i e s  
of  atmospheric composition experiments. Since 
these  p a r t i c u l a r  tests r e q u i r e  p r e s s u r e  measure- 
ments over only a l i m i t e d  range, e i t h e r  t h e  
s tandard  o r  gr id- type t ransducer  conf igura t ion  i s  
adequate f o r  t h e  experiment. The r e p r o d u c i b i l i t y  
of  measurements made with t h e  o r i g i n a l  pressure  
t ransducer  over i ts  complete range i s  shown by t h e  
s o l i d  l i n e  i n  f i g u r e  9 .  The r e p e a t i b i l i t y  o f  t h e  
p r e s e n t  prototype system w i t h  a s tandard  c e l l  over 
t h e  l imi ted  p o r t i o n  of  t h e  range requi red  f o r  t h e  
rocket  experiment i s  shown by t h e  d a t a  p o i n t s  i n  
t h a t  f i g u r e .  
f r a c t i o n a l  s tandard  devia t ion  shows t h e  e r r o r  based 
on t h e  pressure  be ing  measured r a t h e r  than f u l l -  
scale pressure ,  and t h a t  a 3u devia t ion  (where u 
is  t h e  s tandard deviat ion)  i n d i c a t e s  a confidence 
l e v e l  of 99.7%. 
model of t h e  system with a gr id- type t ransducer  is  
shown i n  f i g u r e  10. The f l i g h t  pro to type  u n i t  
weighs approximately 1 2  ounces, has  a volume of  
approximately 8 cubic  inches,  r e q u i r e s  0.650 watts 
o f  power, and has  a time response of  approximately 
0.050 s e c .  

I t  a l s o  survived a drop t e s t  of  250 g 
The p r e s s u r e  measurement 

I t  should be  remembered t h a t  t h e  

The performance of  a breadboard 

FUTURE APPLICATIONS 

This system has been developed t o  meet t h e  needs 
o f  experiments i n  t h e  atmospheres o f  t h e  p l a n e t s .  
The d i r e c t  r e s u l t s  of  t h e  development, however, 
suggest  appl ica t ions  i n  a l t i m e t r y ,  meteorology, and 

labora tory  ins t rumenta t ion  where extremely wide 
dynamic range, absence of  zero d r i f t ,  freedom from 
t h e  hazard of  pressure  overload damage, small 
sampling volume, ruggedness, and small  s i z e  would 
o f f e r  c l e a r  advantages. The i n d i r e c t  r e s u l t s  of 
t h e s e  developments suggest  t h e  p o s s i b i l i t y  of 
s i g n i f i c a n t  improvements i n  t h e  performance of  
those  t ransducers  used i n  e lec t rometers ,  r a d i -  
ometers, and o t h e r  areas  where t h e  sensing ac t ion  
depends on a resonant  mechanical member. 

KEY WORDS 

Vibrat ing diaphragm, pressure  gage, p lane tary  
atmosphere, p r e s s u r e  measurements 
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TABLE I. TRANSDUCER MEASUREMENTS 

FACTOR 

Q-’ = Af/f 
(MECHANICAL FILTER BANDWIDTH) 

LOW PRESSURE RESOLUTION 

HIGH PRESSURE LIMIT 

FREQUENCY CHANGE WITH PRESSURE 
(fo = LOW PRESSURE RESONANT 

FREQUENCY 1 

SENSITIVITY TO Jo2 
BESSEL MODE 

SENSITIVITY TO J21 
BESSEL MODE 

OLD VALUE 

3 10-5 

10-5 torr 
3 lo2 torr 

2 fo 

IOm2 Jol 

J,, 

NEW VALUE 

4 IO+ 

torr 
5 0 IO torr 

0.2 f, 

2  IO-^ J ~ ,  

Jol 

ANNEALING OF COMPLETED 
TRANSDUCER 

HIGHER DIAPHRAGM Q 

GRID TYPE TRANSDUCER 

GRID TYPE TRANSDUCER 

ADJUSTMENT OF DRIVE AND 
SENSE PLATE DIAMETERS, 
CONCENTRICITY AND 
PAR ALL EL NESS 

ADJUSTMENT OF DRIVE AND 
SENSE PLATE SENSITIVITIES, 
CONCENTRICITY AND 
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TRANSDUCER 

I 

Fig. 1.- Open loop opera t ion  of  t h e  v i b r a t i n g  diaphragm t ransducer .  
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Fig. 2 . -  Block diagram f o r  t he  v i b r a t i n g  diaphragm system. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
AMES RESEARCH CENTER, MOFFETT FIELD. CALIFORNIA 



GAS INLET 

Fig. 3 . -  Simpl i f ied  ske tch  of  t h e  o r i g i n a l  embodiment. 

PLATE 

wo= 3.6X 104 rad/sec 
Q = 3x104 

w Q=2n-- Aaw 
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Fig .  4 .  - Grid-type p res su re  t ransducer .  
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Fig. 5.- Sketch f o r  transducer utilizing small seals.  
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PRESSURE, torr 

Fig. 6.-  Pressure calibration f o r  the new transducer design. 
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Fig. 7 . -  Vibra t ing  diaphragm pres su re  c e l l  e l e c t r o n i c s  system. 
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Fig, 8.-  Vibrat ing diaphragm pressure  measuring system. 
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0 = MEASURED FRACTIONAL STANDARD 
DEVIATION OF THE MARS EXP T 
PROTOTYPE SYSTEM 

0 
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10-3 lo-* lo-' 1.0 IO ' IO2 103 
PRESSURE, mm Hg 

Fig. 9.-  Pressure i nd ica t ion  s t a b i l i t y  o f  v i b r a t i n g  diaphragm t ransducer  as a funct ion of pressure. 
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Fig. 10.-  Measured preformance o f  v i b r a t i n g  diaphragm pres su re  c e l l  system. 
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